The activity of the mouse mammary tumor virus promoter was assessed in various sequence contexts with a transient transfection assay in which promoter activity was determined by way of expression of a linked gene encoding chloramphenicol acetyltransferase, as well as by direct analysis of RNA transcripts. The results indicate that the provlral long terminal repeat contains a negative transcriptional control element in addition to the glucocorticoid-responsive transcriptional enhancer that has been described previously. The negative element is able to function in both orientations and, at least to some extent, at multiple positions with respect to the regulated transcription unit. The effects on gene expression cannot be explained by alterations in transfection efficiency. The element has been localized to a 91 base pair fragment located immediately 5 1 of binding sites for the glucocorticoid receptor protein that have been defined in vitro. The role of the negative element may be to repress the inherent activity of the proviral promoter in the absence of glucocorticoids, resulting in an increased ratio of gene expression in the presence and absence of hormone.
INTRODUCTION
Multiple classes of c/s-acting regulatory elements have been shown to be responsible for modulating the transcriptional activity of eukaryotic genes. Many viral and cellular genes require a class of DNA sequences known as transcriptional enhancers for normal expression (for a review, see reference 1); these elements appear to act as binding sites for f/ans-acting factors that are required for enhancer-directed stimulation of promoter activity (2) (3) (4) . Negative regulation of gene expression is common in prokaryotes and yeast (for reviews, see references 5 and 6), and c/s-acting negative regulatory elements in higher eukaryotes have been reported in association with several genes (7) (8) (9) (10) (11) (12) (13) (14) . The mechanisms by which these negative elements function is not well understood, but at least in some cases, direct (15) and indirect (8, (10) (11) (12) evidence suggests that negative elements also act as binding sites for frans-acting molecules.
Previous studies have shown that transcription of the proviral genes of mouse mammary tumor virus (MMTV), a retrovirus, is induced by glucocorticoid hormones (16) (17) (18) . DNA sequences required in cis for hormone induction have been localized to a region of the MMTV long terminal repeat (LTR) upstream from the transcription initiation site and have been termed the glucocorticoid response element (GRE) (19) (20) (21) (22) (23) ; these sequences have been shown to be bound specifically by purified glucocorticoid receptor protein in vitro (24) (25) (26) (27) (28) (29) and to have the properties of a hormone-inducible transcriptional enhancer element (19, 23) . In this study, we use a transient expression assay to show the presence of a negative regulatory element within the MMTV LTR. This element, which is contained within a 91 base pair (bp) restriction fragment located just 5' of the GRE, represses the inherent activity of the MMTV promoter in the absence of hormone. The overall glucocorticoid inducibility of MMTV transcription appears to be due to a combination of promoter activation by the GRE enhancer in the presence of hormone and to promoter repression by the negative element in the absence of hormone.
MATERIALS AND METHODS

PtesmkJ constructions
All plasmid constructions were based on pSVOd (30) , a derivative of pBR322 that does not contain the pBR322 "poison" sequences (31) ; all of the constructions have deleted the simian virus 40 (SV40) origin fragment present in pSVOd. In all plasmids, the chloramphenicol acetyttransferase (CAT) gene, the SV40 small t intron, and sequences required for polyadenylation were derived from pSV2CAT (32) . The M13 origin was derived from pZ152 (33) and is not relevant to the present studies. Plasmid pLC1 ( Fig.1 ) contains a C3H MMTV LTR contained on a 1.5 kilobase (kb) Psa restriction fragment (34) , the ends of which were converted to Hindlll sites; the construction of pLC1 has been described (35) . As shown in Fig. 1, pLC2 contains an intact LTR within the PsfL-PviAl restriction fragment, pGTC1 contains a 497 bp Rsai-Pvull LTR fragment which spans the GRE and transcription start, and pMC1 contains a 375 bp Ssfl-Psfl LTR fragment which is missing most GRE sequences but which contains the MMTV promoter and transcription start. These three plasmids were constructed by converting the ends of the MMTV fragments to HindlU sites and replacing the LTR-containing H/ndm fragment of pLC1. Plasmid pMT2 was constructed by digesting pLC1 with H/ndffl and religating to delete the LTR. Plasmids pGMC1.5A/B and pGMC1.3A/B were constructed by inserting (in both orientations) the 344 bp Sau3A restriction fragment containing most GRE sequences (Fig. 1) into a Ba/nHl site in pMC1 on either the 5 1 or 3" side of the MMTV-CAT transcription unit.
Insertion on the 5' side generated pGMC1.5A and pGMC1.5B, while insertion on the 3' side generated pGMC1.3A and pGMC1.3B. Orientation A with respect to the MMTV promoter is that present in an intact LTR. Plasmid pNMC1 was constructed by inserting a 91 bp Sau3A-flsaI fragment, in which the Rsal site had been converted to 
Transfectlons and CAT assays
Mouse Ltk* cells (37) were grown at 37°C in Dulbecco modified Eagle medium (GIBCO Laboratories) supplemented with 10% fetal bovine serum (KC Biologicals) in a 5% CO 2 , water-saturated atmosphere. Transfections were performed by the DEAE-dextrarV DMSO shock procedure (38) at a plasmid concentration of 1.2 nM (equivalent to 5 ^ml of plasmid pLC1) as previously described (35) . For cells receiving hormone treatment, the synthetic glucocorticoid dexamethasone (Sigma) was added to a final concentration of 10"
7 M 40 h after the DMSO shock. At 58 h after the DMSO shock the cells were harvested, and crude extracts were assayed for CAT activity (32) and were stopped by extraction of chloramphenicol and its acetylated derivatives with 1 ml of ethyl acetate (J. T. Baker, Co.). The acetylated products were separated from the chloramphenicol substrate by ascending thin layer chromatography in chloroform:methanol (9:1) and were visualized by overnight exposure to XAR-5 film (Eastman Kodak Co.). CAT activity was quantitated by excising the radioactive spots from the TLC plate and liquid scintillation counting. The specific activities of CAT were calculated and are reported as relative CAT activities normalized to the specific activity of an extract from hormone-treated cells transfected with pLC1 (defined as 100). This relative activity corresponds to an absolute specific activity of 3.0 nmol of chloramphenicol acetylated per min per mg of extract protein. Under these experimental conditions, transiently expressed CAT activity is highly reproducible (35) ; multiple independent transfection experiments resulted in errors of the mean of less than 20%.
Nuclear DNA dot blot
Nuclei were isolated from transfected cells as previously described (40) except that the buffer for Dounce homogenization contained 0.1% Nonidet P-40. Nuclear DNA was purified by phenol extraction and ethanol precipitation as described (40) . The DNA was denatured in NaOH, neutralized with an equal volume of 2 M ammonium acetate, and serial 2-fokj dilutions were prepared in 1 M ammonium acetate (41) and dotted onto nitrocellulose (Schleicher & Schuell) using a filter manifold. The filter was baked for 2 h at 80°C in a vacuum oven, and prehybridization, hybridization, and wash conditions were as described (42) , except that the hybridization with the probe of genomic Ltk' cell DNA (Fig. 3B) at -70°C without an intensifying screen. Sequential hybridization with multiple probes was performed as described (42) . Autoradiograms were scanned with a Zeineh soft laser scanning densitometer (Biomed Instruments, Inc., Fullerton, CA).
Quantitative RNAse T1 mapping
Total RNA was prepared (35) from transfected cells by extraction with guanidinium thiocyanate (44) and centrifugation through CsCI (45) . A 414 nucleotide, uniformly labeled RNA probe that spanned the MMTV transcription initiation site was synthesized in vitro with 17 RNA polymerase utilizing a template of MMTV LTR DNA in pGLTRI .2 (35) . In addition, a 212 nucleotide RNA probe complementary to mouse pMubulin mRNA was also synthesized (35) from a cDNA cloned into pGEM1 (46) . Total RNA (50 ug) from transfected cells was simultaneously hybridized to the MMTV LTR probe and the mouse pMubulin probe, and the RNAse T1 protection experiment was performed as previously described (35) . Protected fragments were fractionated by electrophoresis on an 8% polyacrylamide gel containing 8 M urea and were visualized by autoradiography on XAR-5 film (Eastman Kodak Co.) at -70°C using an intensifying screen. Autoradiograms were scanned as described above.
RESULTS
Transient expression from genes containing LTR deletions
We have described an extensive characterization of a transient transfection assay for determining the activity of the MMTV promoter (35) . Taking advantage of gene constructions in which the MMTV promoter was fused to the coding sequences for chloramphenicol acetyltransferase (CAT), we determined that transiently expressed CAT enzyme activity was linearly related to the abundance of MMTV-CAT transcripts in cells transfected under carefully defined conditions. Using this assay, we found the activity of the MMTV promoter in the absence of glucocorticoids to be extremely low, with a ratio of gene expression in the presence and absence of hormone of 200-300.
The transient transfection system we have described appears to provide a sensitive assay for accurately quantitating the relatively low levels of expression from the MMTV promoter in the absence of hormone. To begin to more systematically quantitate this basal activity and to assess whether basal activity could be determined, at least in part, by the sequence context of the MMTV promoter within the proviral LTR, two deleted LTRs were constructed and inserted into plasmid vectors in which transcription could be monitored by way of expression of the CAT gene product. The resulting plasmids, pGTC1 and pMC1, as well as a comparable plasmid containing an undeleted MMTV LTR, pLC1, were transfected (35, 38) into mouse Ltk" cells, and cell extracts were assayed for CAT activity (32) and total protein (39) . In the absence of hormone, the deletions resulted in increased CAT activity of 8.6-(pGTC1) and 6.4-fold (pMC1) relative to that directed by the intact LTR (pLC1), while hormone-induced CAT activity was increased by 1.6-fokJ (pGTC1) or decreased by 11-fold (pMC1) (Fig. 2) . The 2-to 3 -fold hormone indudbility of CAT activity in cells transfected with pMC1 is most likely due to a portion of the GRE that was not deleted in this construction; this region consists of 30 to 40 bp of DNA, at least part of which is within a glucocorticoid receptor binding domain defined in vitro (26, 28, 29) (Fig. 1 and Fig. 5A) . A further deletion of 36 bp to the EcoRT site ( Fig. 1 ) abolishes this residual activity while maintaining the relatively high basal activity of pMC1 (data not shown). sites in vector DNA nearer to the site of translation initiation for the CAT protein, pMT2 was tested in the transient expression assay. This plasmid is identical to those described above but contains no eukaryotic promoter sequences and thus indicates the maximum possible CAT activity obtained in the absence of promoter-directed transcription. As shown in Fig. 2 , the relative CAT activity directed by pMT2 was 3-fold lower than that from pGTCi; therefore, potential transcription starts within vector DNA cannot account for the increased basal CAT activity observed with the deleted LTRs. This conclusion is strongly supported by the direct analysis of MMTV-CAT transcripts described below. Transfectlon efficiency One possible explanation for our results is that the observed effects on gene expression were artifactually caused by differential transfection efficiency of the various plasmid constructions. To directly test this idea, the relative amount of plasmid DNA in the nuclei of cells transfected with pLC1 or pGTC1 was measured. Total DNA was purified from nuclei isolated from transfected cells, and the relative amount of plasmid in nuclear DNA was determined by dot blot analysis of serial dilutions using a nick translated probe of pMT2 (Fig. 3A) ; the extent of homology of this plasmid with pLCi and pGTC1 is identical, and it should therefore hybridize with equal efficiency to both transfected plasmids. The total amount of nuclear DNA in each dot was compared by rehybridizing the same filter with a probe of nick translated genomic DNA from Ltk' cells (Fig. 3B) . Densitometric scanning of the dot blots indicated that the relative amounts of pLC1 and pGTC1 in the nuclei of transfected cells were similar, with the amount of pLC1 approximately 2-fold greater than the amount of pGTC1. Therefore, if anything, we have underestimated the increased basal gene expression in cells transfected with pGTC1 relative to those transfected with pLC1, and differential transfection efficiency cannot explain the observed effects on gene expression. To extend this result, we performed quantitative Southern blot (47) analysis of nuclear DNA derived from pl_C1-and pGTC1-transfected cells in which the intensity of LTR-containing restriction fragments from the transfected plasmid was compared to that of fragments derived from MMTV sequences endogenous to Ltk" cells [(48) and data not shown]; this analysis has allowed us to estimate that the average number of plasmid molecules in the nuclei of the transfected cell population is approximately 15-30 copies/nucleus. This copy number has been obtained with four different plasmid constructions over a total of seven independent nuclear isolations. Direct measurement of MMTV-CAT RNA transcripts Increased gene expression from plasmids containing deleted LTRs suggested that the activity of the MMTV promoter is increased when the promoter is removed from the context of the entire LTR. To directly test this hypothesis, RNA transcripts from transfected cells were analyzed by nuclease protection. S1 nuclease mapping using a 5'-end-labeled probe showed that transcripts initiate at the expected position (49) within the LTR of hormone-treated, pLC1-transfected cells (data not shown), but this technique did not prove sensitive enough to detect transcripts from uninduced cells.
To circumvent this problem, we took advantage of an RNAse protection assay that utilizes a uniformly labeled probe (Fig. 4) (50) . Total RNA was prepared from cells transfected with either pGTC1 or pLC2, a plasmid similar to pLC1 but containing LTR sequences between the Psd and PvuU restriction sites (Fig. 1) . Uninduced CAT activity from cells transfected with pLC2 was comparable to that obtained from pLC1 (data not shown). Purified RNA was hybridized to a mixture of two uniformly labeled RNA probes; one spanned the MMTV transcription initiation site, while the other was homologous to mouse [J-tubulin mRNA and served as an internal control for the quantity and quality of the RNA preparations. Samples were then treated with RNAse T1, and protected fragments were displayed by electrophoresis on a denaturing polyacrylamide gel and subsequent autoradiography.
Correctly initiated MMTV transcripts (49) were expected to result in a 135 nucleotide protected fragment of the MMTV probe, and intense protected fragments of this size were observed with RNA from glucocorticoid-treated cells transfected with both pGTCi (Fig. 4, lane 1 ) and pLC2 (data not shown). A protected fragment of the same size was also detected with RNA from cells transfected with pGTC1 and Figures. (A) Structure of pGMCI.5/3. The344 bp Sau3Afragment containing most GRE sequences (see Fig 1) was inserted into a BamHI site In pMC1 on either the 5 1 or 3' side of the MMTV-CAT transcription unit in both orientations. Insertion on the 5 1 side generated pGMCI .5A and pGMCI .5B, while insertion on the 3' side generated pGMCI .3A and pGMCI .3B. Orientation A with respect to the MMTV promoter is that present in an intact LTR. The nucleotlde sequence of a portion of the GRE is shown below. Nudeotides from -135 to -70 with respect to the transcription Initiation site are Indicated Boxes represent glucocorticoid receptor footprints defined by Payvar, et al. (26) (single, narrow box) and Scheidereft, et al. (29) (three shorter boxes). Open triangles represent G residues (some of which are on the opposite strand) that are protected from methylation in the presence of bound receptor (28) . Deletion of the Tat position -111 and insertion of 10 nudeotides at this position represents the difference in GRE sequences between pLC1 and pGMCI .5A (see text). (B) CAT gene expression from pGMCI.5/3. Plasmids pMC1, pGMCI .5A, pGMCI .5B, pGMCI .3A, and pGMCI .3B were transfected into mouse Ltk" cells. Crude cell extracts were assayed for CAT activity and for total protein, and results are reported in terms of relative CAT activity as In Fig. 2 . Numerical values of relative CAT activity represent the mean of 3 to 5 transfections with independent plasmid preparations. The autoradtogram shows a representative CAT enzyme assay from one transfection experiment. The assayed extracts were derived from eels transfected with pMC1 (lanes 1 and 2) , pGMCI .5A (lanes 3 and 4) , pGMCI .5B (lanes 5 and 6), pGMCI .3A (lanes 7 and 8), and pGMCI .3B (lanes 9 and 10). Assays contained 40 \ig of protein from extracts of dexamethasone-treated cells (lanes 2, 4, 6, 8 and 10) and 80 u.g from extracts of untreated cells (lanes 1, 3, 5, 7, and 9); reactions v/ere allowed to proceed for 60 min at 37°C nucleotide fragment is unknown, but it is present in all lanes including a control lane derived from hybridization of yeast tRNA to the labeled probes (data not shown). Densitometric scanning revealed that the integrated intensity of this fragment in all lanes was identical within a factor of 1.3; the fragment appears more intense in lane 2 due to the increased background in that lane. These results indicate that the increased basal CAT gene expression observed in transfections with plasmids containing deleted LTRs is mediated by a direct effect on the MMTV promoter. An identical result was obtained in a duplicate RNase protection experiment with RNA from independently transfected cells.
Localization and position/orientation dependence of the negative regulatory element
Our results have indicated that a negative regulatory element 5' of the promoter within the proviral LTR reduces the activity of the MMTV promoter. In order to more specifically localize the sequences required to mediate the negative effect, the 344 bp Sau3A fragment that contains most of the GRE (see Fig. 1 ) was inserted into the SamHI site at the 5' end of the transcription unit in pMC1 in its normal orientation with respect to the promoter (orientation A). This insertion restored a sequence organization closely resembling that of an intact LTR; however, a single base pair of LTR DNA within the GRE was deleted and 10 bp of synthetic linker DNA inserted in its place (Fig. 5A) . Thus, in this plasmid (pGMC1.5A), the exact sequences of the GRE, as well as the relative spacing of most of the GRE with respect to the MMTV promoter, have been altered. In the absence of glucocorticoids, CAT gene expression from pGMC1.5A was reduced over 50-fold relative to pMC1 (Fig. 5B, lane 3) , indicating that the functional sequences required for the negative effect on the MMTV promoter are contained within the inserted 344 bp Sau3A fragment. Together with the observation that the LTR deletion in pGTC1 (Fig. 1) , which extends 91 bp into the Sau3A fragment, inactivates the negative element (Fig. 2) , these results indicate that at least the 5' end of the negative element lies within this 91 bp region in a portion of the LTR that has not been identified as part of the GRE (20) (21) (22) (23) and that contains no receptor binding sites as defined by footprinting (26, 27) or methylation protection (28) .
The observed decrease in CAT expression was highly dependent on the specific sequences inserted upstream of the MMTV promoter. For example, pMCi derivatives comparable to pGMC1.5A but containing insertions of either a 2.3 kb Pvua-Kpnl fragment from the 5 1 portion of MMTV DNA of the endogenous provirus at genetic locus Mtv-8 (42) or a 1.0 kb Kpri-Bgia fragment from the 5' portion of the MMTV(C3H) provirus (34, 42) resulted in CAT activities comparable to those obtained with pMC1 (data not shown).
The orientation and position specificity of the negative regulatory element was investigated with three other constructions (Fig. 5A ) in which the 344 bp Sau3A GRE fragment was inserted into pMC1 at either the 5' SamHI site in the opposite orientation to that normally present in the LTR (pGMC1.5B) or at a BamHI site 3' of the CAT transcription unit in both orientations (pGMC1.3A and pGMC1.3B). These insertions were outside the predicted MMTV-CAT transcription units and therefore were not expected to alter the structure of the RNAs encoded by the respective plasmids. In the absence of glucocorticoids, CAT gene expression from pGMCi .5B was approximately 50-fold lower than from pMC1 (Fig. 5B, lane 5) , indicating that the negative element is able to function in both orientations with respect to the MMTV promoter. CAT expression in the absence of hormone from pGMC1.3A and pGMC1.3B was also reprodua'bly lower than from pMC1 in multiple transfections with independent plasmid preparations, although the effect was less pronounced than in pGMC1.5A or pGMC1.5B. In the presence of glucocorticoids, cells transfected with any of the pGMC plasmids resulted in lower CAT expression than obtained with the complete LTR (Fig. 5B, lanes 2, 4, 6 , 8, and 10) (see Discussion).
In order to more precisely determine the location of the negative element, three plasmids were constructed by insertion of various LTR-derived restriction fragments into pMC1. Plasmid pNMC1 contains a 91 bp SaU3A-Rsal fragment, pNMC2 contains a 231 bp Sau3A-HaeUl fragment and pNMC3 contains a 269 bp SaiGA-MaeUl fragment (see Fig. 1 ). Each plasmid was transfected into Ltk" cells, and crude extracts were assayed for uninduced CAT activity (Fig. 6 ). Plasmid pNMC1 (lane 2) yielded an uninduced CAT activity comparable to that of cells transfected with pLC1 (Fig. 2) . The uninduced levels of CAT activity from plasmids pNMC2 and pNMC3 (lanes 3 and 4, respectively) were slightly higher than for pNMC1 but were much lower than pMC1 (lane 1). This result shows that the 91 bp Sau3A-HsaI fragment contains a functionally intact negative element and that additional sequences, including those that are recognized by the glucocorticoid receptor, are not required for MMTV promoter repression.
DISCUSSION
A negative element within the MMTV LTR
Our results indicate that the MMTV LTR contains a negative transcriptional regulatory element that decreases the activity of the proviral promoter. The negative element is functionally contained within 91 bp of DNA between Sau3A and flsal sites in a region that is not part of the GRE (20) (21) (22) (23) and that is located between positions -455 and -364 with respect to the site of transcription initiation. At least within the larger context of the 344 bp Sau3A restriction fragment, the negative element is able to function in both orientations and, to some extent, at multiple positions with respect to the regulated promoter. Similar to the results described here, the 344 bp Sai/3A fragment has been reported to reduce the activity of the Moloney murine leukemia virus promoter when inserted in both orientations at two different positions (51) , suggesting that the negative element we have described is able to function on at least one heterologous promoter and in a sequence context significantly different from the one employed in the present study. The relative orientation and position independence observed with the MMTV negative element are properties associated with a number of regulatory elements (10, 12, 13, 15, 52) that have been termed transcriptional silencers (52) . At least two kinds of mechanisms appear to mediate these kinds of effects; establishing transcriptional repression mediated by the silencer associated with unexpressed copies of yeast mating type information requires a round of DNA replication (53), while the negative effects mediated by the MMTV negative element are observed in the absence of detectable replication of the test genes (48) .
Previous analysis of the MMTV LTR failed to reveal the presence of the negative regulatory element described here. This may be due at least in part to the numerous cell lines and various experimental strategies employed to assess MMTV promoter activity. For example, some studies have employed exogenous enhancer elements as components of the MMTV gene constructions (21, 54, 55) which, in our hands, decrease the hormone induction ratio by 20-30 fold, primarily by increasing the basal level of expression (unpublished observation). One such study (55) did ascribe a regulatory function to the MMTV GRE by which it could negatively modulate the activity of an exogenous enhancer element; however, it is unclear whether the observed effects reflected negative regulation or whether, as has been observed in several systems, the activity of one enhancer element in a particular promoter and cellular context could be detected only when a second enhancer was activated (for a review, see reference 56). In other kinds of studies, gene constructions were employed in which the MMTV promoter was fused to the coding sequences for the thymidine kinase of herpes simplex virus (19, 20, 22, 23) ; stably transformed cells containing the test genes were selected on the basis of expression of thymidine kinase activity in the absence of glucocorticoids, introducing a potential bias into the cell populations subsequently chosen for analysis. Comparison of our results to these studies is further complicated because the S1 nuclease analysis used to determine transcriptional activity in many instances did not detect transcription in the absence of hormone (20, 22, 23) . In contrast to some of these strategies, our constructions did not contain any known eukaryotic transcriptional regulatory elements other than those in the MMTV LTR, and our transient transfection assay circumvented potential problems associated with preselection for expression of the reporter gene linked to the MMTV promoter. In addition, our detection of basal promoter activity was facilitated by the sensitive CAT and RNAse protection assays and by the absence in our constructions of specific pBR322 sequences that decrease expression from transcription units containing the MMTV, as well as other, eukaryotic promoters (48).
Interestingly, sequence rearrangements or deletions in and near the negative transcriptional regulatory element we have described appear to alter the tissue specificity of oncogenic transformation induced by integrated MMTV proviral DNA (57, 58) . These deletions and rearrangements have been interpreted as altering the specificity of viral gene expression, suggesting that the negative element may play a role in determining this specificity.
Gene regulation by multiple classes of elements
One intriguing aspect of our results is that, although transfection with any of the pGMC plasmids resulted in lower glucocorticoid-inducible CAT activity than obtained with a construction containing the intact LTR (Fig. 5) , the ratio of gene expression in the presence and absence of hormone was higher for all four pGMCs than the ratio of 3.8 obtained with pMCi. These induction ratios varied from 5.8 for pGMC1.3A to more than 220 for pGMC1.5A. However, in all cases the increased induction ratio was primarily due to a decrease in gene expression in the absence of hormone rather than an increase in expression in the presence of hormone. Thus, the addition of the 344 bp Sau3A fragment containing a functional negative regulatory element as well as a functional GRE increased the hormone induction ratio without greatly increasing the absolute level of hormone-induced CAT gene expression. The failure of the inserted 344 bp Sau3A fragment to activate the MMTV promoter to the level observed with a complete LTR may be due to the specific sequence organization of the pGMC plasmids, all of which differ from pLC1 (see Fig. 5A ). These results suggest that overall glucocorticoid inducibility of MMTV transcription may be due to a combination of promoter activation by the GRE enhancer in the presence of hormone and to promoter repression by the negative element in the absence of hormone. Although the inherent activity of the MMTV promoter in the absence of the glucocorticoid receptor-activated GRE is fairly low, repressing this activity leads to a greatly increased ratio of gene expression in the presence and absence of hormone. Interestingly, transfection with pGMC1.5B, in which the negative element is positioned between the MMTV promoter and most of the GRE, resulted in the lowest absolute level of glucocorticoid-induced CAT expression, although the hormone induction ratio was about 30. It is possible that this sequence organization does not allow the receptor activated GRE to efficiently modulate promoter activity. This observation is analogous to a result obtained with several yeast genes (59, 60) in which a negative transcriptional regulatory element was found to exert its greatest effect when positioned between the promoter and an associated upstream activation sequence.
The relationship between positive and negative control elements involved in gene regulation is not well understood. Negative elements may function alone or in conjunction with positive elements, such as transcriptional enhancers, to provide appropriately regulated gene expression. Differential expression could then depend on the number (35) and strength of positive and negative control elements associated with each gene, as well as on the intracellular concentrations of trans-acting molecules required to mediate the transcriptional effects (56) in response to appropriate temporal and tissue-specific signals.
